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Effect of intraluminal bicarbonate and chloride on fluid
absorption by the rat renal proximal tubule
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Bronx, New York
The effect of intraluminal bicarbonate and chloride on fluid absorp-
tion by the rat renal proximal tubule. In order to study mechanisms
of fluid transport in the rat renal proximal convoluted tubule, the
effects of large variations in intraluminal HCO3 and C1 concentra-
tions were measured by microperfusion techniques. No differences
in rates of fluid transport were found when intraluminal HCO3- was
varied from 4 to 30 mEq/liter and C1 from 146 to 120 mEq/liter.
Inhibition of H secretion with benzolamide had no effect on fluid
absorption when little or no HCO3- was present in the lumen, but
did reduce fluid transport when 25 mEq of HCO3- was present. If
several different mechanisms are responsible for proximal fluid
transport, such as nonelectrogenic active Nal-lCOa transport, pas-
sive chloride diffusion and active sodium transport linked to U
secretion, the above observations imply that they all operate at
approximately the same rate, since the dominant driving force
would have been different with each perfusion solution. The data
seem more compatible with the view that active sodium transport
is the major driving force for fluid absorption in the proximal
tubule, that this is not linked to H secretion and that anions
modify the rate of absorption only to the degree that they are able
to accompany sodium across the epithelium. An additional obser-
vation was that absorption of isotonic NaCI was very slow in short
segments of tubule, as compared to HC03-containing perfusion
solutions. Although the mechanism is uncertain, these data suggest
that a finite amount of intraluminal HCO3 is necessary for optimal
proximal fluid transport.
Effets des concentrations intra-luminales du bicarbonate et du
chiore sur I'absorption de liquide par le tube proximal du rat. Afin
d'étudier les mtcanismes de transport de liquide dans le tube
contourné proximal du rat les effets de variations importantes des
concentrations intra-luminales de HCO3 et Cl ont été mesurés
par des techniques de microperfusion. Aucune difference dans les
debits de transport de liquide n'a été observée quand La concentra-
tion d'I-1C03 luminal a vane de 4 a 30 mEq/litre et celle de Cl de
146 a 120 mEq/litre. L'inhibition dc Ia secretion d'l-l par La
benzolamide n'a pas eu de'effet surl'absorption de liquide quand il
n'y a que peu ou pas d'I-lC03- dans Ia lumière, dIe diminue par
contre Ic transport de liquide quand La concentration luminale de
HCO3- est de 25 mEq/litre. Si plusieurs mécanismes différents
sont responsables du transport proximal de liquide — tels qu'un
transport non électrogenique de NaHCO3, une diffusion passive
de chiore, un transport actif de sodium lie a Ia secretion d'ions H
— es observations ci-dessus impliquent qu'ils opèrent tous ap-
proximativcment au même debit puisque Ia force motrice domi-
nante a été différente avec chaque solution de perfusion. Ces obser-
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vations semblent plus compatibles avec l'idée que Ic transport actif
de sodium est Ia principale force motrice de l'absorption de liquide
dans le tube proximal, que celle-ci n'est pas liée a Ia secretion
d'ions H et que les anions modifient Ic debit d'absorption seule-
ment dans Ia mesure oO ils sont capables d'accompagner le sodium
a travers l'épithélium. Une observation supplémentaire est que
'absorption de NaCI isotonique est très lente dans des segments
courts du tube par comparaison avec l'absorption de solutions de
perfusion contenant HCO3-. Bien que Ic mécanisme en soit in-
déterminé cela suggère qu'une quantité limitée d'HCO3- in-
traluniinale est nécessaire pour un transport proximal optimal de
liquide.
The mechanisms of fluid reabsorption in the renal
proximal convoluted tubule are not entirely under-
stood. According to one view, the main driving force
for fluid transfer is active transport of sodium all
along the proximal tubule [1]. Localized pockets of
hypertonic fluid are created in the lateral interspaces
and basal labyrinths which then provide the driving
force for water movement across the epithelium.
More recently, it has been proposed that, besides ac-
tive sodium transport, a number of other mechanisms
also are involved in fluid transfer in the proximal
tubule. Fromter, Rumrich and Ullrich [2] and Bar-
rett et al [3] have suggested that nonelectrogenic
NaHCO3 transport, passive chloride diffusion, "ef-
fective" osmotic pressure gradients and active Na
transport linked to H secretion all participate in
fluid reabsorption.
The present microperfusion experiments were car-
ried out in order to gain further insight into the
mechanisms of proximal fluid reabsorption. The ef-
fect of large changes in HC03 and C1 concentra-
tions in the luminal fluid on rates of absorption was
studied, in addition to the effect of inhibition of H
secretion. We found that the rate of fluid absorption
was not affected when luminal HCO3- concentration
was varied from 4 to 30 mEq/liter and C1 from 146
to 120 mEq/liter. Inhibition of l-1 secretion with
benzolamide reduced fluid absorption when HC03
was present in high concentration (25 mEq/liter),
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but had no effect on fluid absorption when little or no
HC03 was present in the tubular lumen. These find-
ings imply that if a variety of different mechanisms
are involved in proximal fluid transfer, each one pro-
ceeds at approximately the same rate and one can
substitute for another as luminal anion composition
changes. The alternative view, that a single process of
active sodium transport mediates fluid transfer, seems
more consistent with the observations.
Methods
Microperfusion experiments were carried out in
male Sprague-Dawley rats weighing 200 to 300 g. The
animals were maintained on a regular rat pellet diet
and tap water. Food but not water was withheld 16 hr
before surgery. On the morning of the experiment,
each rat was anesthetized with i.p. mactin (Prom-
onta, Hamburg, West Germany), 100 mg/kg body
wt, and prepared for micropuncture as previously
described [4]. This preparation consisted of a tra-
cheostomy, insertion of two PE 50 catheters in a
jugular vein, one for infusion of Ringer's lactate solu-
tion at a constant rate of 0.05 mI/mm, and the other
for injection of F D and C green dye, as previously
described [5]. This dye was injected two or three
times during each experiment. Transit time of the dye
to the end of the proximal tubule was taken as an
index of overall renal function. In all experiments,
transit time measured 8 to 12 sec, within the generally
accepted normal range. A third PE 50 catheter was
inserted in a carotid artery for continuous measure-
ment of blood pressure. The left kidney was surgi-
cally isolated and immobilized. Body temperature of
the rat was monitored throughout the experiment via
a rectal thermistor and telethermometer (Yellow
Springs Instrument Co., Yellow Springs, Ohio), and
maintained between 37° and 38°C by a heated animal
table. Mineral oil warmed to 38°C flowed over the
experimental kidney continuously throughout the ex-
periment. A PE 50 catheter was tied into the base of
the urinary bladder, eliminating bladder dead-space,
for collection of urine from both kidneys.
Microperfusion of individual surface proximal con-
voluted tubules was carried out by techniques previ-
ously described in detail [6—8]. The delivery sys-
tem for the perfusion consisted of a IO-ul Hamilton
syringe driven by a Sage pump (Model 255-2). The
pump was set to deliver 12 nI/mm. The Hamilton
syringe, filled with mineral oil, was connected to a
sharply beveled micropipet via thick-walled PE 20
tubing. The tubing and pipet were filled with one of
the four perfusion solutions described below. A sec-
ond micropipet, filled with Sudan black-stained cas-
tor oil, was mounted on a separate micromanipulator
and used to inject oil blocks in the tubular lumen, and
to collect the perfusion fluid.
The compositions of the perfusion fluids are shown
in Table 1. The pH of solution 4 was varied by
changing the ratio of HPO4-/H2P04 in individual
experiments. Amounts of methoxy inulin-3H (New
England Nuclear Corp., Boston, MA) were added
to each perfusion solution to yield at least 5 cpm/nl
above background. Since the usual perfusion pro-
ceeded for five minutes, delivering a total of about 60
ni, the collected perfusate radioactivity was roughly
300 cpm above background. In those experiments in
which the effect of inhibition of hydrogen ion secre-
tion was studied (vide infra), benzolamide was also
added to the perfusion solutions in a concentration of
0.01 mg/mI.
The technique used to microperfuse the proximal
tubules corresponds to method #3 described in a pre-
vious publication [8]. This method allows identi-
fication of the tubular segments being perfused with-
out the presence of a dye in the perfusion fluid. In
most experiments, an effort was made to perfuse a
variety of different lengths, from very short to very
long. Total collections of the perfusate were carefully
timed with a stop watch and lasted from four to seven
minutes, Each collected sample and portions of the
injected perfusion solution were transferred to a 0.1-
mm ID. constant-bore glass capillary (Corning Glass
Works, Science Products Div., Corning, NY) for
measurement of volume [9] and were then washed
into liquid scintillation vials for radioactive counting
in a Nuclear-Chicago counter, Unilux II A (Nuclear-
Chicago Corp., Des Plaines, IL). Each sample was
counted to a total of 25,000 counts. In order to deter-
mine the accuracy and reproducibility of the per-
fusate transfer and volume measurement techniques,
20 portions of one of the perfusion solutions were
drawn into a micropipet and transferred to the con-
stant-bore capillary tube, volume was measured and
the concentration of H-inulin was determined as
described above. These concentrations were com-
pared with those determined by transfer of the per-
fusion solution with a b-pt volumetric pipet. The
results were as follows: volumetric pipet: 3.85 cpm/nl
+ 0.02 SE; microtransfer method: 3.82 cpm/nl 0.01
SE (P > 0.4).
Each of the tubules that had been perfused was
injected with yellow latex (General Biologicals, Inc.,
Chicago, IL) for microdissection and determination
of the length of the perfused segment. Arterial blood
was collected from the abdominal aorta at the end of
each experiment for measurement of pH, total CO2
and Na4 by methods previously described [5]. Per-
fusion fluid osmolality was measured by freezing
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Table 1. COmposition of perfusion solutions
Solution
Na
mEq/liler
C1
mEq/liter
P
mOsm/liter
HCO3-
mEq/liter
Glucose
mg/lOOm! 5% CO2 pH
Osmolality
mOsm/liter
I 150 146 0 4 0 Yes 653—6.60 281
2 150 125 0 25 0 Yes 7.52—7.65 280
3 150 120 0 30 100 Yes 7.62—7.74 284
4 150 148 2 0 0 No 6.53—7.75 281
point depression (Fiske Osmometer, Fiske Asso-
ciates, Inc., Uxbridge, MA). Timed urine collec-
tions, obtained from the urinary bladder, were ana-
lyzed for the same constituents.
The following calculations were carried out for
each tubular perfusion:
(a) perfusion rate = collected volume/mm X C/I3,
where C/I3H is the ratio of methoxy inulin-3H concen-
tration in the collected perfusate (C) over the concen-
tration in the initial injected perfusion fluid (I).
(b) percent water absorption = (1 — I/C3) X 100
Eight groups of rats were studied. Groups I to IV
(five, eight, five and eleven rats, respectively) were
perfused with one of the four solutions. In Group V,
consisting of five rats, a priming dose of 2 mg/kg of
benzolamide (CL 11366) was given iv. approxi-
mately 45 mm before tubular perfusions were begun,
and 0.01 mg/mI of benzolamide was added to the i.v.
infusion for constant delivery. Perfusion solution 4,
to which 0.01 mg/mI of benzolamide had been added,
was used in these experiments. Group VI was made
up of four rats. These animals also received ben-
zolamide i.v. as in the Group V animals, but the
proximal tubules were perfused with solution 2 to
which 0.01 mg/mI of benzolamide had been added.
The individual experiments in Groups I through VI
were completely randomized. In Group VII, consist-
ing of five rats, the proximal tubules were perfused
with solution 4. However, in these experiments the
perfusate was collected into a micropipet which con-
tained a quinhydrone electrode. The technique for
preparation of the quinhydrone electrode has been
described in detail in previous publications [4, 6]. The
mineral oil in the collecting pipet and the perfusion
solution were equilibrated with 5% CO2. When the
perfusate collection was completed, the tip of the
micropipet was sealed with 3M KCI—agar, and a my
reading was made with a Radiometer pH meter,
Model 25D, by inserting the quinhydrone electrode
and a reference calomel electrode in 3M KCI heated
to 37°C. The KCI solution was bubbled continu-
ously with 5% CO2. Standard solutions containing 2,
4 or 6 mEq/liter of HCO3 in 150 mEq/liter of NaCl
and equilibrated with 5% CO2 were measured with
quinhydrone electrodes by the same system. Each
standard and collected perfusate was measured at a
fixed time after the solution first came into contact
with the quinhydrone microelectrode, i.e., two to
three minutes. In addition, at the end of each experi-
ment, the NaCI solution in the perfusion pipet was
transferred into a quinhydrone microelectrode for
measurement of HC03. A my vs. [HC03] plot was
made from the standard solutions, and the HCO3-
concentration in the collected perfusates and the
initial perfusion solution was determined from the
plot. No significant amounts of HCO were found
in any of the initial perfusion solutions tested at the
end of the experiment.
In Group VIII, consisting of four rats, unidirec-
tional efflux of Cl was measured with 36C1 (New Eng-
land Nuclear Corp., Boston, MA). In these experi-
ments, short segments of proximal tubules (1 mm or
less) were perf'used with either solution 1 or solution
4 to which trace amounts of methoxy inulin-3H and
36C1 had been added. The coOcentrations of the two
isotopes were measured in the injected and collected
perfusates by liquid scintillation counting. DPM was
calculated for each isotope, using '33Ba as an external
standard and the channels ratio method. Unidirec-
tional chloride efflux was calculated from the follow-
ing equation [10]:
(c) unidirectiOnal lumen-to-plasma chloride ef-
flux = log (I/C3eI)/log(C/I3H). 146. perfu-
sion rate (I — I/C3H)/length
In this calculation, a chemical chloride concentra-
tion of 146 was used for the two perfusion solutions,
as the initial concentrations were 146 and 148, and
minimal changes would be expected in 1 mm of per-
fused length.
Results
In Table 2 are shown the plasma electrolyte data
for all rats, distinguishing only between those that did
and did not receive benzolamide. As can be seen,
plasma pH was significantly lower in the ben-
zolamide-treated animals, but other values were ap-
proximately the same in the two groups. The urinary
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PERFUSION FLUID
120 mEq NaCI
30 mEq NaHCO3
100 mg/100 ml Glucose
Table 2. Plasma electrolyte data for normal
and benzolamide-treated rats
pH
Pco2
mm Hg
HCO3-
mEq/liier
Na
mEq/liter
Normal 7.47k 32.0 22.9 144.0
(29)i + 0.01 + 1.4 + 0.8 + 1.5
Benzolamide 7.41 35.3 21.1 140.9
(9) 0.03 3.5 1.1 + 1.5
P <0.02 N.S. N.S. N.S.
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Data expressed as mean + SE.
b The numbers in parentheses are the number of animals.
electrolyte data are shown in Table 3. The benzola-
mide-treated rats underwent a significant NaHCO,
diuresis, indicating the effectiveness of the dose used
in these experiments.
The mean microperfusion rate for all experiments,
calculated from equation (a) in Methods was 11.8
ni/mm + 0.4 SE. There were no significant differences
among the various groups of animals.
In Fig. 1, percent water absorption is plotted against
the length of the perfused segment of the proximal
tubule for those experiments in which the HCO,
concentration of the perfusion fluid was 4, 25 or 30
mEq/liter (Groups I through III). Absorption with
these three solutions appeared to be linear over a
length of 3 mm. The linear regression line for the 4-
mEq HCO,- solution isy = 12.8x + 6.1 (r = 0.76, P
< 0.001). The line for the 25-mEq HCO,- solution is
y = 15.8x + 1.6 (r = 0.76, P <0.001). The line for the
30-mEq HC03 solution is y = 14.5x + 5.7 (r = 0.80, P
< 0.001). Analysis of these three lines by covariance
indicated no significant differences among them in
either slope or intercept. The average rate of absorp-
tion with these three solutions was 2.26 nI/mm/mm.
This is lower than the value of 3.1 nI/mm/mm found
by Bartoli and Earley [11] during one-minute per-
fusions with either an artificial perfusate or an ultra-
filtrate of plasma. Our lower rate might be due to the
absence of important constituents in the tubular lu-
men [111, or to the slower rate of perfusion used in
our experiments, as rate of absorption was also found
to vary with the perfusion rate [11].
Table 3. Urinary electrolyte data for normal
and benzolamide-treated rats
2.01.0
PERFUSION FLUID
146 mEq NaCI
4 mEq NaHCO3
3.0
.
00
S
S
.
S.
S S
S
1.0 2.0
Length perfused segment, mm
J
3.0
V
p1/mm/kg
-Na
isEq/min/kg
UHc0V
,.sEq/min/kg pH
Normal 36.0 2.01 0.19 6.43
(34)' 3.3 + 0.38 + 0.06 + 0.07
Benzolamide 102.5 16.8 13.01 7.73
(21) 14.9 2.8 2.35 0.11
P < 0.01 < 0.001 < 0.001 <0.001
Fig. 1. Percent water absorbed by proximal convoluted tubules dur-
ing microperfusion with three different HCO,- -containing solutions.
The linear regression lines were calculated by the method of least
squares. See text for equations.
In Fig. 2 are presented the data for Groups IV and V.
In these experiments, 150 mEq/Iiter of NaC1 was the
perfusion solution. Group V was given benzolamide
i.v., and the drug was also added to the perfusion
fluid. Since points only between I and 3 mm were
obtained in Group V, the data for both groups are
plotted over this length to permit comparison. Frac-
tional reabsorptin was indistinguishable between theNumbers in parentheses are the number of specimens.
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Fig. 2. The effect of benzolamide on water absorption during micro-
perfusion with 150 mEq/liter of NaCI. See text for linear regression
equations.
two groups, the benzolamide having no apparent ef-
fect under these experimental conditions. The linear
regression line for Group IV isy = 27.3x — 24.2 (r =
0.85, P <0.001) and for Group V is y = 28.4x — 28.8(r = 0.82, P < 0.001). The lines are not significantly
different from one another in either slope or inter-
cept.
Figure 3 shows the data for the Group VI rats in
which benzolamide was given and the proximal tu-
bules were perfused with solution 2. The points from
the Group 11 rats, perfused with the same solution,
have been reproduced here to allow comparison. It
can be seen that fluid absorption was markedly inhib-
ited by benzolamide when the perfusion solution con-
tained 25 mEq of HCO3-. The linear regression line
for the Group II data isy = 15.8x + 1.6(r = 0.76, P <
0.001), whereas that for the benzolam ide-treated
group is y = 7.8x + 3.7 (r = 0.61, P < 0.001).
Covariance analysis of these two lines yields a highly
significant difference in the slopes (P < 0.001), but
not the intercepts. At 3 mm of perfused length, ap-
proximately 49% of the perfusate was absorbed in the
Group 11 animals, but only 27% in the benzolamide-
treated group. Thus, comparing Figs. 2 and 3, ben-
zolamide inhibited fluid reabsorption markedly when
25 mEq/liter of HCO3- was present in the tubular lu-
men, but had no effect when NaCl was the perfusate
solution.
In Fig. 4 are plotted all of the data obtained with
perfusion solution 4 (150 mEq/liter of NaCl) over a
length of 3 mm. It can be seen that absorption was
not linear over the 3 mm of perfused length. It was
slow in the first millimeter, and much more rapid in
the second and third millimeters. This pattern of
absorption is in contrast to that observed with the
PERFUSION FLUID
125 mEq NaCI + 25 mEq
60 - NaHCO3 S
x Control
50 - Benzolamide
Length perfused segment, mm
Fig. 3. The effect of benzolamide on water absorption during micro-
perfusion with a HCO3- -containing solution. The control data are
from the center panel of Fig. 1. See text for linear regression
equations.
three HC03-containing solutions (Fig. 1). In order
to allow a more detailed comparison of fluid absorp-
tion in the first millimeter, the data obtained with all
four perfusion solutions for segments 1 mm or less
are plotted in Fig. 5. The shaded area encompasses all
points observed with the isotonic NaCl solution. As
can be seen, only 3 out of 31 points observed with the
three HCO3--containing perfusion solutions fell
within the shaded area, all other points being
higher. Linear regression lines were not statistically
significant over this short segment of tubular length.
Therefore, we have calculated the average percent
water absorption for this first millimeter of perfused
length for the four different solutions. The values are
as follows: 4 mEq of HC03 = 14.7% + 3.0 s; 25
70 - PERFUSION FLUID A
60 - NaCI 150 mEq/liter A A
A50- A
AA A £40- A A A
A30- A A
a, A A20- AL£ £
10 - LA
£
(+1 £ £
0 -
(-—) A
10 I I0 0.5 1.0 1.5 2.0 2.5 3.0
Length perfused segment, mm
Fig. 4. Percent water absorbed by proximal convoluted tubules dur-
ing microperfusion with 150 mEq/Iiter of NaCI.
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PERFUSION FLUIDS:
A 15OmEqNaCI
• 146 mEq NaCI + 4 mEq NaHCO3
s 125 mEq NaCI 25 mEq NaHCO3
o 120 mEq NaCI + 30 mEq NaHCO3
+ 100 mg/100 ml Glucose
0
perfused 36C1, collected 1 mm downstream from the
perfusion pipet, was 46% for both solutions. Thus,
there was no evidence of a difference in epithelial
permeability to chloride in short segments of prox-
imal tubule when they were perfused with isotonic
NaCI or a solution containing 4 mEq of HCO3-.
Discussion
0 0.25 0.50 0.75
Length perfused segment, mm
Fig. 5. Percent water absorbed in the first millimeter of perfused
tubule length during perfusion with four different solutions. Data are
reproduced from Figs. 1 and 4. The shaded area encompasses the
data obtained with sotQpic NaC1 as the perfusion solution.
mFqofHCO3 13.6% + 1.9 s; 30 mEq of HCO3
= 15.8% 2.5 so; 0 mEq of HC03 3,5% 0.86
SE. There is no statistical difference among the three
HC03-containing sohtions, but there is a highly
significant difference when the 150-mEq-NaC1 solu-
tion is compared to each of the HC03-containing
solutions (P < 0.001).
In Fig. 6 are plotted the HCO3- concentrations in
the collected perfusate, measured with quinhydrone
microelectrodes. In these experiments the tubules
were perfused with bicarbonate-free 150-rn Eq-NaCI
solution equilibrated with 5% CO2. It can be seen that
significant amounts of HCO3- were found in all col-
lected perfusates. In the first millimeter of length,
HCO3- concentrations were approximately 0.5 to 2.5
mEq/liter, and rose to about 4 mEq/liter in the sec-
ond and third millimeters. These observations thus
confirm earlier studies which demonstrated that the
rat proximal tubule is permeable to bicarbonate [6].
Unidirectional chloride efflux was measured with
36Cl in 23 tubules in four rats (Group VIII). The
result, calculated from equation (c) in Methods, was
0.93 + 0.11 nEq/min/mrn in experiments in which
the tubule was perfused with solution 4, and 0.97
+ 0.16 nEq/min/mm with solution I. Recovery of
The present microperfusion experiments were de-
signed to study the effects of various concentrations
of Cl and HCO3- in the tubular lumen on rates of
fluid absorption by the rat renal proximal convoluted
tubule. The results indicate that net fluid absorption
proceeds at the same rate when intraluminal HCO3-
concentration is varied over a range from 4 to 30
mEq/liter and chloride from 146 to 120 mEq/liter
(Fig. 1). Thus, these rather large alterations in univa-
lent anion composition of the tubular fluid had no
apparent effect on rates of net reabsorption. Under
free-flow conditions, the anion composition of the
tubular fluid undergoes similar changes, with a pro-
gressive rise in chloride concentration along the
length of the proximal tubule and a fall in bicarbo-
nate [12]. Studies of the effects of such changes on the
rate of fluid reabsorption are more difficult during
free flow, however, because major changes in anion
concentrations occur in the first portion of the
proximal tubule, which is inaccessible for micropunc-
ture study. Furthermore, experimental manipulations
of the tubular anion composition can only be
achieved by changing plasma anion composition. The
microperfusion experiments carried out in the present
study circumvented these problems and allowed a
direct evaluation of the effects of large changes in
intraluminal anion concentrations without systemic
alterations,
The observations can be discussed in terms of re-
cently proposed mechanisms of fluid transfer in the
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Fig. 6. Measurenients of HC03 in collected perfusates during mi-
croperfusion of the proximal tubule with 150 ,nEq/liter of NaCI.
Bicarbonate was measured with quinhydrone microelectrodes.
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proximal tubule. Fromter et a! [2] and Barrett et al
[3] have proposed that fluid reabsorption in early and
late portions of the proximal tubule is mediated by
different mechanisms. Reabsorption in the early
proximal tubule, where the fluid begins as an ultrafil-
trate of plasma, is postulated to be an active process
involving nonelectrogenic transport of sodium and
bicarbonate. In addition, a small amount of active
sodium reabsorption in the first 15 to 25% of the
proximal tubule is dependent on glucose and amino
acid reabsorption [3]. In the intermediate and late
portions of the proximal tubule, where little of the
filtered bicarbonate, glucose and amino acids remains
in the tubular fluid, and chloride has been elevated to
concentrations higher than in plasma, fluid reabsorp-
tion is thought to occur by three separate mecha-
nisms [2, 3]. One-third is accounted for by passive
diffusion of chloride out of the tubular lumen down a
concentration gradient, one-third by bulk flow due to
differences in reflection coefficients of anions and
thus an "effective" osmotic pressure gradient across
the tubular epithelium (transepithelial bicarbonate
and chloride gradients), and one-third by active
transport of sodium coupled to H secretion [2, 3].
The data shown in Fig. I suggest that, if these hy-
potheses are correct, several of the mechanisms must
operate at rates which are indistinguishable from one
another. Thus, nonelectrogenic sodium bicarbonate
reabsorption, presumably a significant factor with
solutions 2 and 3 (high HCO3-), yielded the same
rate of net reabsorption as chloride diffusion and
effective osmotic gradients presumably did in oper-
ating on solution 1(10w HC03). An important impli-
cation of these observations would be, therefore, that
each of these mechanisms of fluid transport can sub-
stitute for another without altering the overall rate of
net reabsorption. On the other hand, if active sodium
transport is the main driving force for fluid reabsorp-
tion all along the proximal tubule [1], the concentra-
tions of univalent anions in the luminal fluid might be
expected to effect the rate of fluid reabsorption only
to a minor degree [13]. In a recent microperfusion
study of ionic substitutions in both tubular fluid and
peritubular capillaries, Green and Giebisch [13] con-
cluded that active sodium transport provides the
main driving force for proximal sodium and fluid
transport. A chloride concentration gradient from
lumen to plasma could account for at most 20% of
net transport [13]. Our observations are thus consist-
ent with their conclusions, since markedly different
intraluminal chloride concentrations (and presum-
ably lumen-to-plasma chloride gradients) had no ap-
parent effect on net fluid reabsorption.
The data obtained with perfusion solution 4 pro-
vide information concerning one of the proposed
mechanisms for proximal fluid reabsorption, i.e., ac-
tive Na transport linked to H secretion. This solu-
tion had no HC03 initially and only 2 mmoles/liter
of phosphate. Measurements of HCO3 in the collected
perfusate indicate that only 3 to 4 mEq of HCO3 was
present at 3 mm of perfused length (Fig. 6). Under
these conditions, with very little buffer in the lumen,
H secretion rates should have been low. Yet, as
shown in Fig. 2, net fluid absorption of solution 4 was
as rapid in the second and third millimeter of per-
fused length as was observed with solutions contain-
ing higher HC03 concentrations. Moreover, admin-
istration of benzolamide, which would be expected to
reduce H secretion even further, had no effect on
fluid absorption with solution 4 (Fig. 2). These obser-
vations indicate, therefore, that fluid reabsorption
can occur at rapid rates in the absence of significant
Na-H exchange. Green and Giebisch [14] recently
concluded, on the basis of microperfusion experi-
ments with different buffer solutions, that there is no
firm linkage between sodium reabsorption and hy-
drogen secretion. Our findings are in agreement with
this, and moreover indicate that the net rate of ab-
sorption can be rapid even when H- secretion is
minimal or absent. The data shown in Fig. 2 are
consistent with the view that active sodium transport
is not inhibited by benzolamide, and fluid absorption
was rapid because large amounts of chloride were
available to accompany the sodium. Alternatively,
passive chloride diffusion might have been the main
driving force for fluid absorption in these experi-
ments. However, in view of the relatively minor effect
of chloride gradients on fluid transport [13], we be-
lieve this is not a likely explanation for these observa-
tions.
Our observations with benzolamide differ from
those of Radtke et al [15], who found in split-droplet
experiments inhibition of fluid absorption by aceta-
zolamide, even when buffer was absent from both the
peritubular and luminal fluids. They suggested that
acetazolamide, in addition to its known effect on H
secretion, may inhibit Na transport when present in
high doses. The reasons for the difference between
our results and theirs is not clear. It might be due to
an intrinsic difference between acetazolamide and
benzolamide or to the doses used. Alternatively, since
our animals given benzolamide underwent a consid-
erable diuresis (Table 3), and the urinary volume was
not replaced, some plasma volume contraction may
have occurred which enhanced proximal fluid ab-
sorption via peritubular physical factors [16]. This, in
turn, might have obscured a reduction in sodium
transport due to benzolamide. Radtke et al [15]
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would not have had this problem in their experi-
ments, as they were perfusing the peritubular capil-
laries with an artificial colloid-free solution during
the measurements of fluid absorption by the split-
droplet technique. While volume contraction cannot
be ruled out, it should be noted that benzolamide did
inhibit fluid absorption significantly when the per-
fusion solution contained 25 mEq/liter of HC03
(Fig. 3). Since this latter group of animals underwent
a comparable diuresis, it is questionable whether
plasma volume contraction obscured an inhibitory
effect of benzolamide in the animals shown in Fig. 2.
Taken together, the observations shown in Figs. 2
and 3 suggest that inhibition of H secretion does not
effect sodium transport directly, but only inhibits
fluid reabsorption when large amounts of HCO3- are
present in the tubular lumen. Thus, when Cl was the
major anion in the tubular lumen (Fig. 2), fluid ab-
sorption was rapid because this anion is highly per-
meant and was able to accompany the actively
transported sodium. With large amounts of HC03
trapped in the lumen, however (Fig. 3), the high
reflection corcient of this anion [2] provided an
effective osmotic force, slowing absorption of fluid
in spite of uninhibited active sodium transport.
In the perfusion experiments with solution 4, the
rate of absorption of fluid was found to be non-
uniform along the 3 mm of perfused length (Fig. 4).
In the first millimeter, there was very little fluid
absorbed, after which absorption proceeded rapidly.
In previous microperfusion studies, using HCO3 -
free solutions, Wiederholt et al [17], Morel and
Murayama [18], and Radtke et al [19] noted some
delay in absorption near the perfusion pipet, similar
to our results with isotonic NaC1. No completely
satisfactory explanation for this phenomenon was
offered. Morel and Murayama [18] postulated that it
might be due to mechanical damage to the brush
border caused by nonlaminar flow near the perfused
site, or to electrical shunting at the site of impale-
ment by the pipets. Radtke et al [19] also suggested
that damage to the epithelium caused disturbed elec-
trolyte transport in the first 200 of perfused length.
This conclusion was supported by the observation
that about 20% of perfused 36Cl seemed to be lost
from the tubular lumen near the tip of the perfusion
pipet [19]. In the present experiments with 36C1,
extrapolation of the observed values to the point of
entry of the perfusion pipet indicates that about 10%
of the isotope was lost near the pipet tip. DiBona
[10] found a loss of about 6% of 22Na near the tip
of the perfusion pipet. All of these observations are
consistent with the view that the perfusion pipet
causes epithelial damage, excessive leakiness and
impaired electrolyte transport near the point of im-
palement. However, our observations with solutions
1 through 3 suggest an alternative explanation; i.e.,
the delayed reabsorption near the perfusion pipet
was due to the absence of HCO3 in the tubular
lumen. In Fig. 5 is shown fractional absorption for
all four solutions in the first millimeter of perfused
length. Although technical problems of the micro-
perfusion technique are probably magnified when
very short segments of tubule are being perfused,
there seems to be a clear difference between the
HCO3-free and the HC03-containing solutions in
the first millimeter of length. Statistically, there is no
difference among the three HC03-containing solu-
tions, but there is a very significant difference when
the HC03-free solution is compared with any of the
others.
Several possible explanations for these observa-
tions can be considered. First, the osmotic pressures
of the four solutions were quite close to one another
(Table I), and we assume that plasma osmotic pres-
sure of the different groups of rats did not vary in any
systematic fashion. Thus, it seems unlikely that trans-
tubular osmotic gradients can account for the obser-
vations. It is possible that "effective" osmotic gradi-
ents, due to the reflection coefficients of the anions,
could have played a role. The reflection coefficient for
HCO3 is considerably higher than for C1 [2]. Dur-
ing perfusion with NaCI, HC03 concentrations in
the lateral interspaces might be low, and therefore the
potential osmotic driving force of HC03 in this
location would not be available to support reabsorp-
tion. With the HC03 -containing solutions, as HC03
was reabsorbed, concentrations of HC03 would rise
in the lateral interspaces and this could then provide
an effective osmotic driving force for fluid transport.
However, the lack of any observable difference in
rates of fluid reabsorption with widely different intra-
luminal HC03 concentrations (Fig. 1), and the rapid
rate of fluid transport with NaCl perfusion solution
in the presence of carbonic anhydrase inhibition
(Fig. 2), argues against this mechanism. Another
possibility is that during perfusion with NaCl, influx
of HC03 and accompanying Na occurred in the
first millimeter of tubule length which obligated in-
flow of water. Although the measured HC03 con-
centration at 1-mm length suggests a small influx,
there could conceivably have been a large turnover
of HC03, with rapid influx and breakdown to CO2
+ H20, and a large bidirectional sodium flux. As the
HC03 concentration gradually rose in the lumen,
the influx of HC03 might have slowed, thereby
allowing net reabsorption of sodium and water to
occur.
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A final explanation for the role of intraluminal
HCO3 is that the pH of the luminal fluid might have
an important effect on Na entry into the cell. Stein-
metz and Lawson [20] found that acidification of the
mucosal fluid bathing turtle bladders decreases the
short circuit current and forward flux of Nat, with-
out effecting the permeability to K, Cs or C1, or
the backflux of Nat. They postulated that high con-
centrations of H cause protonation of specific Na
entry sites in the mucosal membrane, and that this
might be responsible for the inhibition of Na trans-
port in the presence of a low mucosal pH. Although
the initial pH of solution 4 was varied over a wide
range (Table 1), it was only lightly buffered with
phosphate and not equilibrated with CO2. During
perfusion of the tubule, CO2 might have diffused in
and rapidly formed H2C03. The in vivo pH might
therefore have fallen considerably in the first millime-
ter, until HCO3- diffused into the lumen at a more
distant point. Large changes in in vivo pH along the
length of the perfused segments might therefore have
played a role in the nonuniform rate of absorption
observed with the NaCI perfusion solution. This ex-
planation is consistent with our observations as well
as those of Ullrich, Radtke and Rumrich [21] and
Green and Giebisch [14]. These latter authors found
that HCO3- in both the luminal and peritubular fluid
is essential for normal rates of proximal fluid trans-
port, and suggested that one of the effects of HCO3-
is to increase the entry of sodium from the lumen into
the cell [14].
It is important to note that HCO3 has been found
to enhance net fluid transport in several other organs,
i.e., turtle bladder [22], jejunum [23, 24], ileum [25],
frog skin [26] and gall bladder [27, 28]. Whether the
mechanism of enhancement is the same in all of these
organs is not clear. The present observations suggest
that the proximal renal tubule shares with these other
epithelia the need for small amounts of HCO3- for
optimal fluid transport.
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